Using purified recombinant human ventricular myosin light chain 1 (HVMLC1) as the antigen, three monoclonal antibodies, designated C8, C9 and B12, were prepared. Immunoblot experiments demonstrated that all monoclonal antibodies could react with the ventricular myosin light chain 1 isolated from different sources, such as human, rat or pig. It was also demonstrated that C8 was directed against the NN part of the N-fragment (amino acid 1−40) of HVMLC1, and both C9 and B12 against the C-fragment (amino acid 99−195). The affinity constants of C8, C9 and B12 were 3.20×10 8 , 8.60×10 7 and 1.77×10 8 M −1 , respectively, determined by non-competitive ELISA. The isotype of B12 was determined as IgG2a, whereas the isotype of both C8 and C9 were IgG1. In the presence of C9 or B12, the actin-activated Mg 2+ ATPase activity of myosin was greatly inhibited, but there was almost no effect on the Mg 2+ ATPase activity for C8. B12 and C9 also inhibited the superprecipitation of porcine cardiac native actomyosin (myosin B) and reconstituted actomyosin, but C8 did not. The results indicate that all three monoclonal antibodies could bind the intact myosin molecule, but B12 and C9 might more easily react with epitopes located in the C-fragment of HVMLC1. The inhibitory effects of B12 and C9 on ATPase activity and superprecipitation assays show that light chain 1, particularly the C-fragment domain, is involved in the modulation of the actin-activated Mg
Cardiac myosin contains two kinds of light chains, cardiac light chain (CLC) 1 and CLC2, which are associated with the neck region of myosin heavy chain. They were thought to be similar to LC1 and LC2 of skeletal muscle myosin. In skeletal muscle, the removal of LC2 from myosin molecules by treating with 5,5'-dithiobis-2-nitrobenzoic acid (DTNB) did not significantly affect ATPase and actin binding activities of myosin [1, 2] . However, in smooth muscle and non-muscle systems, phosphorylation and dephosphorylation of LC2 appear to control the actin-activated ATPase activity and play essential roles in muscle contraction with myosin-linked regulation [3] . Mutagenesis of LC2 of Drosophila cytoplasmic myosin results in a defect in cytokinesis and is lethal during the larval stage of development [4] .
The role of LC1 in myosin function is less clear. X-ray crystallographic studies have demonstrated a functional structure of LC1, which wrap around and thereby stabilize a long α-helix, extending from the C-terminus of the myosin head [5] . Early studies of skeletal muscle myosin showed that LC1 could be removed by alkali treatment, leading to the loss of actin binding and ATPase activities of myosin [6, 7] . In the non-muscle system, myosin isolated from LC1-deficient Dictyostelium cells does not show significant actin-activated ATPase activity [8, 9] . It was confirmed by experiments that mutations in LC1 of Dictyostelium myosin leads to reduced actin-activated ATPase activities [10] . However, controversial results were also reported that skeletal myosin stripped of LC1 was not affected in the ATPase activity under wild and nondenaturing conditions of MHC [11] .
Regarding CLC1, several studies on the physiological roles of ventricular and atrial LC1 in the regulation of human heart contractility were reported [2, 12, 15] . The diagnostic value of CLC1 in acute myocardial infarction and necrosis was suggested in many reports [16−19] . Recently, we have shown that only the N-fragment (amino acid residue 1−98) of HVMLC1 binds to S1, and the recombinant complex of rat cardiac myosin S1 and the N-fragment greatly decreased the actin-activated Mg
2+
ATPase activity for the lack of the C-fragment (amino acid residue 99− 195). We concluded that the N-fragment was the binding domain of HVMLC1, whereas the C-fragment served as a functional domain, which may be more involved in the modulation of the actin-activated ATPase activity [20] .
In this study, three monoclonal antibodies against the N-and C-fragments of HVMLC1 were prepared and the roles of N-and C-fragments of ventricular LC1 (VLC1) in the actin-activated Mg 2+ ATPase activity and superprecipitation of myosin were examined using these monoclonal antibodies. Both B12 and C9 monoclonal antibodies reacted with the C-fragment of LC1 and greatly inhibited the actinactivated Mg 2+ ATPase activity and superprecipitation of myosin. C8 reacted with the N-fragment of LC1 but did not show any effect. Therefore, the data provided further evidence to confirm the previously postulated importance of the C-domain of LC1 in the regulation of actin-activated ATPase activity of myosin and in the interaction between actin and myosin.
Materials and Methods

Protein preparations
The isolation and purification of human and porcine ventricular myosin was carried out as follows. Human tissue was obtained from hospital patients with permission, the porcine heart and leg skeletal muscle were purchased from the slaughterhouse, and the porcine ventricular native actomyosin (myosin B) was prepared according to the protocol of Ebashi [21] . Actin was prepared from acetone powder of rat cardiac muscle according to Spudich and Watt [22] . The expression and purification of the GST-NN and GST-NC parts of the N-fragment, GST Nfragment and GST C-fragment of HMVCL1 (Fig. 1) were previously described [20] .
Construction of recombinant vector of intein-HVMLC1
pTXB1 is a vector designed for in-frame fusion of an intein tag into the C-terminus of the target protein (New England Biolabs, Beverly, USA). The fusion protein consisting of the target protein and the intein tag can be bound to chitin beads, and the intein tag induced by thiol-reagents, such as DTT, can undergo an autocatalytic cleavage to release the purified target protein from the chitin beads.
For constructing pTXB1-HVMLC1, the full-length HVMLC1 cDNA previously obtained in our laboratory was used as a template [23] , and a pair of primers, forward primer 5'-GGGAATTCCATATGGCCCCCAAAAAGC-CAG-3' (NdeI site underlined) and reverse primer 5'-CCG-GAATTCGCTGGACATGATGTGCTT-3' (EcoRI site underlined), were designed. PCR product was digested with NdeI and EcoRI and ligated into NdeI/EcoRI-digested pTXB1. The resulting vector pTXB1-HVMLC1 encodes an intein-HVMLC1 fusion protein.
Expression and purification of HVMLC1
Escherichia coli DE3(BL21) cells with the pTXB1-HVMLC1 plasmid were grown at 37 ºC overnight. The culture was diluted at 1:100 with fresh LB medium then grown at 37 ºC for 2 h. After adding IPTG to a final concentration of 0.3 mM, the cells were grown at 37 ºC for another 4 h. The cells were centrifuged and the pellet was resuspended in PBS, lysed by sonication and centrifuged at 20,000 g for 15 min. The supernatant was loaded onto a chitin bead column at 4 ºC. The column was washed with 20 bed volumes of washing buffer (20 mM TrisHCl, pH 8.0, 50 mM NaCl, 0.1 mM EDTA, 0.1% Triton X-100) and flushed with 3 bed volumes of cleavage buffer (20 mM Tris-HCl, pH 8.0, 50 mM NaCl, 0.1 mM EDTA) containing 50 mM DTT. The column was kept at 4 ºC for 24 h. The HVMLC1 was eluted using 3 bed volumes of 
Preparation of monoclonal antibodies
BALB/c mice (female, 6 weeks old) were immunized by intraperitoneal (i.p.) injection of 250 μl HVMLC1 (0.8 mg/ml) emulsified in an equal volume of Freund's complete adjuvant for primary immunization. Four weeks later, the first booster immunization was performed. The same volume of HVMLC1 (0.8 mg/ml) emulsified in an equal volume of Freund's incomplete adjuvant was injected i.p. at an interval of two weeks. After 2−3 booster immunizations, approximately 50 μl of blood sample was obtained from the tail vein and detected by two-dimensional immunodiffusion. Three days prior to cell fusion, each mouse was hyperimmunized with 200 μg HVMLC1 i.p. in 500 μl PBS (137 mM NaCl, 2.7 mM KCl, 10 mM Na 2 HPO 4 , 1.76 mM KH 2 PO 4 , pH 7.5). A653 myeloma cells were grown in RPMI 1640 medium (Gibco, Grand Island, USA) containing 20% fetal calf serum. The fusion between myeloma cells and isolated spleen cells of BALB/c mouse was carried out using a routine procedure [24] , and the supernatants from wells were screened for hybridoma growth by indirect ELISA using HVMLC1-coated microplates in the presence of anti-HVMLC1 antibody. The positive wells were expanded and subcloned twice by limiting dilution to ensure monoclonality.
For the production of ascites in BALB/c mouse and purification of monoclonal antibody, the positive cell lines were expanded and propagated in 2,6,10,14-tetramethylpentadecane (pristine) primed mouse. Five hundred microliters of pristine was injected i.p. into each mouse. After two weeks, 1.0×10 6 hybridoma cells were injected i.p. into each primed mouse. The ascites fluid was harvested at the time of maximum ascites production (10-15 d after injection). The cells were removed by centrifugation at 5000 g for 10 min.
The monoclonal antibodies from ascites fluid were purified by ammonium sulfate precipitation followed by anion exchange chromatography. The ammonium sulfate was slowly added to 45% saturation concentration to ascites fluid with gentle stirring on an ice bath. After stirring the mixture for at least 6 h at 4 ºC, the pellet was collected by centrifugation at 10,000 g for 15 min, resuspended in 10 mM sodium phosphate (pH 7.5) and dialyzed against the same buffer to remove the ammonium sulfate. The solution was applied to a DEAE-52 column equilibrated with 10 mM sodium phosphate (pH 7.5). The antibodies could be eluted by 50 mM sodium phosphate buffer (pH 7.5) containing 40 mM NaCl. The purity and the specificity of antibodies were further evaluated by SDS-PAGE and Western blot.
Immunoblotting
The proteins were separated by SDS-PAGE on 12% gels. The protein bands were transferred to the nitrocellulose membrane using a Bio-Rad mini-transfer apparatus (Bio-Rad, Hercules, USA). After blocking with 5% nonfat milk in TBS-T (20 mM Tris-HCl, 137 mM NaCl, 0.1% Tween-20, pH 7.6) for 1 h at room temperature, the membrane was first incubated with various monoclonal antibodies against HVMLC1, and then incubated with secondary peroxidase-conjugated polyclonal antibody (goat anti-mouse; Rockland, Gilbertsville, USA) for 1 h. The detection was carried out using enhanced chemiluminescence reagents (ECL kit; Amersham, Arlington Heights, USA) according to the protocols.
Measurement of binding affinity of monoclonal antibody
The binding affinity of monoclonal antibody was measured according to the method of Beatty et al. [25] . HVMLC1 (1 μg/ml or 0.25 μg/ml and plus 0.75 μg/ml BSA) dissolved in coating buffer (15 mM Na 2 CO 3 , 35 mM NaHCO 3 , pH 9.5) were coated onto the Maxisorp microplate (Nunc, Roskilde, Denmark) overnight at 4 ºC in a humid atmosphere. The liquid was removed and the plate was washed four times with washing buffer (20 mM Tris-HCl, 0.1% Tween-20, pH 7.5). The plate was blocked with 5% non-fat milk in PBS for 1 h at 37 ºC. After another washing, serial dilutions of each monoclonal antibody in PBS-T (PBS, 0.1% Tween-20, pH 7.5) were added to the wells and the plate was then incubated for 1 h at 37 ºC. After washing again, the HRP-labeled secondary antibody (1:8000 in PBS-T, 1% BSA, goat antimouse IgG-HRP; Rockland) was added. The plate was incubated at 37 ºC for 1 h then washed five times. One hundred microliters of substrate solution (0.0625 mg/ml TMB, 0.003% H 2 O 2 in 50 mM Na 2 HPO 4 and 25 mM citric acid, pH 5.0) was added to each well and the plate was incubated in the dark at 37 ºC for 20 min and 100 μl of 2 M H 2 SO 4 was added to each well to stop the reaction. The absorbance was read at 450 nm in a multiplate reader (Model 550; Bio-Rad).
Assay of monoclonal antibody isotype
The isotypes of monoclonal antibodies B12, C9 and C8 were determined by the Mouse monoclonal antibody isotyping kit according to manufacturer's protocol (Zymed, San Francisco, USA).
ATPase assay
The Mg
2+
ATPase activity of porcine ventricular myosin was determined by the method of Pollard and Korn [26] . B12, C9, C8 and BSA (each 0.05 mg) with 0.1 mg myosin were separately dissolved in reaction buffer (50 mM TrisHCl, pH 8.0, 5 mM MgCl 2 , 0.25 mM CaCl 2 ). The final volume was 1 ml. The mixture was incubated at 25 ºC for 30 min. ATP (3 mM) and 0.05 mg actin were added to the mixture, and it was incubated again at 25 ºC for 30 min. The reaction was terminated by adding 250 μl TCA (50%). After placement in an ice bath for another 30 min, the solution was centrifuged at 10,000 g for 1 min to precipitate denatured proteins. For quantitative evaluation of the amount of released inorganic phosphate, an equal volume of colorimetric reagent (one volume of 3 M sulfuric acid, two volumes of ddH 2 O, one volume of 0.25% ammonium molybdate and one volume of 10% ascorbic acid) was added to the supernatant and the mixture was incubated at 25 ºC for 1 h. Absorbance was measured at 660 nm.
The amount of released inorganic phosphate was calculated and compared with the standard curve. All assays were repeated three times.
Superprecipitation assay
The superprecipitation assays were performed according to the method described previously [27] . To observe the effects of monoclonal antibodies on superprecipitation, B12, C9, C8 and BSA (each 0.5 mg) were separately added to 0.15 mg of either porcine cardiac native actomyosin or cardiac reconstituted actomyosin dissolved in 950 μl of superprecipitation buffer (10 mM Tris-HCl, pH 6.8, 1 mM MgCl 2 , 50 mM KCl). The mixtures were first incubated at 37 ºC for 30 min and then cooled to 20 ºC. ATP (50 μl of 1 mM) was added to each mixture. Different concentrations of ATP (0.3 mM, 1 mM, 10 mM and 40 mM) were used for observing the clear phase of superprecipitation. The turbidity changes at 660 nm were measured at 30 s intervals using a spectrophotometer (UV-2100; Shimadzu, Kyoto, Japan). All assays were repeated at least twice.
Results
Expression and purification of recombinant HVMLC1
The fusion protein intein-HVMLC1 was expressed and accumulated in the induced E. coli cells. HVMLC1 protein without intein was collected after self-cleavage by DTT and showed a single major band in SDS-PAGE (Fig. 2) . The molecular mass of expressed HVMLC1 estimated in SDS-PAGE is approximately 25−27 kDa and is higher than the calculated molecular mass (22 kDa) based on the HVMLC1 amino acid sequence.
Fig. 2 Expression and purification of human ventricular myosin light chain 1 (HVMLC1) in Escherichia coli
1, molecular weight standard; 2, uninduced cell extract; 3, induced cell extract showing expressed fusion protein intein-HVMLC1; 4, purified HVMLC1.
Characterizations of monoclonal antibodies
The reactivity of C8, C9 and B12 with the expressed HVMLC1 and the expressed N-and C-fragment of HVMLC1, as well as myosin isolated from human and porcine tissues, were analyzed by Western blot, as shown in Fig. 3 . The results showed that C8, C9 and B12 could all bind LC1, either expressed or dissociated from the isolated myosin by SDS-PAGE. However, C8 only reacts with the N-fragment, whereas both C9 and B12 could bind with the C-fragment of LC1. Although the epitopes of C8, C9 and B12 have not yet been determined, the Western blot analysis of the NN and NC parts of the N-fragment with C8 indicated that the antigenic determinant of C8 is located at the NN part within amino acid residue 1−40 of LC1 (Fig. 4) .
The binding constants of C8, C9 and B12 were measured using ELISA. The sigmoid curve was plotted to represent the relationship of A versus lg(DM). DM represents the dilution multiples of antibody and A is the optical absorbance at 450 nm. Equation 1 was used for calculation, as follows:
where n=(1.00 μg/ml/0.25 μg/ml)=4. Table 1 Binding affinity constants of monoclonal antibodies B12, C9 and C8 Using the Mouse monoclonal antibody isotyping kit, the isotype of B12 was determined as IgG2a, whereas, for both C8 and C9, the isotype was determined as IgG1.
Inhibition of actin-activated Mg 2+ ATPase activity of myosin by B12 and C9
The presence of C9 and B12 inhibited the actin-activated
Inhibition of superprecipitation of native actomyosin (myosin B) by B12 and C9
The time-course of superprecipitation of porcine ventricular native actomyosin is similar to that of skeletal muscle native actomyosin, except that the clear phase did not appear even after the addition of a relatively high concentration of ATP. After adding the antibodies B12, C9 and C8, as well as BSA to the actomyosin, the interaction between antigen and monoclonal antibodies prior to incubation did not change the superprecipitation profile very much, but B12 and C9 clearly had inhibitory effects on superprecipitation of both native and reconstituted actomyosin. The maximum level decreased 40% and 34% by B12, and 35% and 26% by C9 in superprecipitations of native and reconstituted actomyosin, respectively (Fig. 5) , compared with actomyosin alone, whereas C8 and BSA did not show any inhibitory effects on superprecipitation of native or reconstituted actomyosin.
Discussion
It has been commonly accepted that LC1 has a structural role in the stabilization of the myosin neck region [5] , but the function of LC1 in muscle contraction has been controversial in published reports. Some researchers reported that the removal of LC1 from myosin molecules led to loss of ATPase activity, whereas others believed that removal of LC1 did not affect the actin-activated ATPase activity [6, 7, 11] . With regard to CLC1, several reports described the difference in the physiological roles of atrial and ventricular LC1 isoforms, and concluded that myosin molecules containing ventricular type LCs had a longer duration and higher average force compared to atrial type LCs. The ATPase activity, however, was not different between these two types of myosin [12] [13] [14] [15] 28] . In general, the physiological role of LC1 in the modulation of ATPase activity and muscle contraction is less understood than that of LC2, the regulatory light chain in smooth muscle contraction. We have demonstrated in our previous studies that only the N-fragment of HVMLC1 contains actin and myosin heavy chain binding sites and the recombined rat cardiac myosin S1 binding with the N-fragment of HVMLC1 showed a dramatic decrease in actin-activated Mg
2+
ATPase activity. We inferred that the N-fragment is the binding domain of human CLC1, whereas its C-fragment near the nucleotide binding site of the heavy chain revealed in the crystal structure is a functional domain, which might be more involved in the modulation of actin-activated ATPase activity [20] .
Using the conventional method to prepare monoclonal antibody and express recombinant HVMLC1, we have obtained three monoclonal antibodies (C8, C9 and B12) against HVMLC1. Western blot analysis showed that all three monoclonal antibodies reacted with HVMLC1 of myosin either isolated from human cardiac tissue or expressed in E. coli. Moreover, the monoclonal antibodies also react with VMLC1 isolated from rat (data not shown) and porcine ventricular myosin. This is not surprising, because the rat ventricular LC1 is most closely related to the human one in a proposed evolutionary tree of myosin LC1 [29] . There was no report about the amino acid sequence of porcine VMLC1, but the sequence of porcine skeletal muscle myosin LC3 (PSMLC3) showed a great homology with HVMLC1, except that PSMLC3 lacks 47 amino acid residues at the N-terminal of PSMLC1 [30] . Western blot analysis demonstrated that C8 specifically reacted with the NN part of the N-fragment, whereas both C9 and C12 reacted only with the C-fragment of HVMLC1. Therefore, these monoclonal antibodies can be used to clarify the physiological importance of the N-fragment and C-fragment domains of HVMLC1 and HVMLC1 as a whole, instead of recombined S1 with the N-fragment domains of HVMLC1 under more severe conditions, as previously reported [20] .
The results in this study demonstrated that the monoclonal antibodies C9 and B12 greatly inhibited the actin-activated Mg 2+ ATPase activity of porcine cardiac myosin to 53.8% and 57.5% for C9 and B12, respectively, but there was almost no effect for C8. On the other hand, the superprecipitation reaction could be used as an in vitro model to examine the interaction between myosin and actin under ATP consumption. The superprecipitation assays were performed for reconstituted actomyosin and native actomyosin (myosin B) isolated from different types of muscles, such as skeletal, smooth and adductor catch muscles [27,31−34] . Here we describe for the first time the kinetic behavior of superprecipitation of the porcine ventricular reconstituted and native actomyosin. The timecourses of superprecipitation of both types of actomyosin were similar to that of skeletal muscle actomyosin. The major difference in the kinetics of superprecipitation of cardiac and skeletal actomyosin is the appearance of a clear phase immediately after adding ATP. At proper levels of ATP concentration, the typical clear phase could be easily observed for skeletal actomyosin, but the clear phase did not appear at the same concentration of ATP in the case of cardiac actomyosin. At a very high concentration of ATP, the superprecipitation reaction for cardiac actomyosin was delayed for a long time. This might be one of the characteristics of superprecipitation of cardiac actomyosin. Since it was shown that the superprecipitation kinetics kept their profiles at a very wide range of ATP concentration, not surprisingly, the inhibition of ATPase activity by C9 and B12 did not change the superprecipitation profile very much, except that the initial increasing phase was slower compared with that for C8 or BSA. C9 and B12 also showed inhibitory effects on superprecipitation of porcine ventricular native actomyosin, but C8 did not. The results in both ATPase activity and superprecipitation are in good agreement with our previous data [20] . B12 showed maximum inhibitory effect in both experiments, because B12 has a higher binding affinity than C9. These results suggest again that the C-fragment domain of VLC1 is more involved in the modulation of ATPase activity and consequently more involved in the interaction of myosin and actin, whereas the N-fragment domain plays a structural role in binding the myosin heavy chain at the neck region. These results also clearly indicate that the ventricular myosin LC1 is actively involved in the regulation of muscle contraction.
